ABSTRACT The larger black ßour beetle Cynaeus angustus (Leconte) thrives in cotton gin trash piles on the Southern High Plains of Texas and sometimes becomes a nuisance after invading public and private structures. For better understanding of the basic larger black ßour beetle ecology in gin trash piles, we conducted a series of laboratory and semirealistic Þeld trials. We showed (1) in naturally infested gin trash piles, that similar trap captures were obtained in three cardinal directions; (2) in a laboratory study, late-instar larvae stayed longer in larval stage in moist soil compared with drier soil; (3) in both horizontal and vertical choice experiments, late instars preferred soil with low moisture content; and (4) speciÞcally larger black ßour beetle adults, but most larvae as well, responded negatively to high moisture content in gin trash. The results presented are consistent with reports of larger black ßour beetle living in decaying yucca palms in deserts and suggest that maintaining gin trash piles with high moisture content may be an important component in an integrated control strategy.
Texas produces ϳ25% of the total U.S. cotton crop, and 23 counties concentrated around Lubbock, TX (collectively known as the South Plains) represent the largest contiguous cotton growing region in the state (www.plainscotton.org). As part of the lint processing of harvested cotton bolls (cotton ginning), a large amount of "gin trash" (bracts, stems, leaves, and residual lint) is produced. It is estimated that Ͼ1.2 billion kg of this gin trash is produced annually in Texas alone (McIntyre and Porter 2004) . Gin trash may be used as a supplement in cattle feed and/or in compost soil mixtures, but its value is often too low for commercial purposes. Consequently, most piles of gin trash simply become part of the agricultural landscape because burning of this waste product has been prohibited by state air regulations.
The larger black ßour beetle, Cynaeus angustus (Leconte) (Coleoptera: Tenebrionidae), has been known to infest gin trash piles at least since the early 1970s, when the aforementioned ban on burning gin trash was imposed. In recent years, the larger black ßour beetle has received considerable attention in local communities on the Southern High Plains by causing severe nuisance when emerging from gin trash piles and invading homes, schools, nursing homes, and businesses (Morrison and Dunkel 1983) . The larger black ßour beetle is readily cultured on stored products (Krall 1942 ) and on standard diets used for stored grain insects (processed cereal products and brewersÕ yeast), and it is considered a pest in food processing facilities across North America (Barak et al. 1981 , Dunkel et al. 1982 , White et al. 1990 , Oppert et al. 2006 . Larger black ßour beetle breeds continuously under optimal temperature conditions (ϳ30ЊC), and development takes 46 Ð55 d under these conditions (Krall and Decker 1944) .
According to McIntyre and Porter (2004) , gin trash piles become infested with larger black ßour beetle in the fall when newly produced gin trash is deposited. During springtime, larger black ßour beetle individuals were observed crawling around on the outside of covered trash cans containing old gin trash even though no natural population of larger black ßour beetle was known within a several kilometer radius (C.N., unpublished data). This observation suggests that adult larger black ßour beetles are good ßiers and have strong positive anemotactic responses to gin trash odors. Little is known about the environmental factors eliciting migrations from gin trash piles into human properties, nor is there a good understanding of larger black ßour beetleÕs afÞliation with gin trash.
In some cases, larger black ßour beetle invasions into human properties have resulted in litigation against owners of gin trash piles, so it is paramount to develop viable control solutions for the larger black ßour beetle in these conditions. Recently, McIntyre and Porter (2004) showed that diatomaceous earth was ineffective as a control option. Using 120-liter trash cans as experimental units, C.N. (unpublished data) studied liquid spinosad treatments (5, 25, 50, 100, and 200 ppm [wt:wt] ) and showed that this approach failed to provide adequate control. It should be noted that 200 ppm is considered an unrealistically high dosage for large-scale applications. The limited success with traditional insecticide treatments may suggest that more information about the basic larger black ßour beetle biology is needed. For instance, large numbers of both larger black ßour beetle larvae and adult have been observed in the immediate interface between soil and gin trash underneath gin trash piles (P.P., unpublished data), so the soil environment may play a role, i.e., as pupation site, but no studies have been conducted to elucidate this aspect of their biology. The larger black ßour beetle is native to the Sonoran and Chihuahuan deserts of North America, where it has been found to be associated with decomposing yucca palms (Hatch 1940 , Dunkel et al. 1982 . Thus, it is likely adapted to feed on fungal saprophytes under hot and arid conditions.
As part of an ongoing ecological study of larger black ßour beetle in gin trash, and speciÞcally into economically feasible and environmentally sound control methods, we conducted a series of Þeld and laboratory experiments to characterize the importance of temperature and moisture content on the distribution of larger black ßour beetle larvae and adults in gin trash. The results reported here are discussed in the context of developing control tactics for this pest.
Materials and Methods
Laboratory Cultures. For laboratory studies, larger black ßour beetle individuals were obtained from naturally infested locations within a 60-km range of Lubbock, TX. The beetles were reared at 27Ð29ЊC and 50 Ð 80% RH on corn meal and brewersÕ yeast. Throughout this article, "late-instar larvae" refers to larvae that were 10 Ð15 mm long and yellowish-orange in color, which are about 2 mo old (Krall 1942 Each pile was Ϸ5 m in diameter and 2Ð3 m tall. For trapping, we used pitfall probe traps (Trece, Salinas, CA), which consist of plastic tubes Ϸ45 cm in length and 3 cm in diameter with angled holes around the circumference (to prevent crawl back) and a collection cup attached to the bottom. Because of limitations on number of available probe traps, it was only possible to place them in three cardinal directions (east, south, and west) in each pile. Probe traps were placed Ն1 m from the perimeter of each pile to ensure that each probe trap could be fully inserted underneath the surface of each pile yet maintain a distance of at least 0.5 m from the soil surface below the pile. With two Þeld locations, each consisting of 32 piles, and probe traps inserted into three cardinal directions of each pile, a total of 192 probe traps were serviced. The monitoring effort at the two Þeld locations was part of a study to evaluate different liquid insecticide applications, but only pretreatment trap captures are reported in this study. The monitoring at the Shallowater Þeld location was initiated on 4 April and continued for 11 wk, whereas at the Idalou Þeld, location monitoring was initiated 23 May and continued for 9 wk.
Experiment 2. Survival of Larvae and Adults on Soils with Different Moisture Content. Field soil (loam soil) from the AgriLife Research Station in Lubbock, TX, was dried for 48 h at 60ЊC and subsequently conditioned to 0, 10, 20, or 30% moisture content (wt:wt) by addition of tap water. The four moisture contents were tested in Mason jars (750 ml), and 5 g gin trash (moisture content 10 Ð30%) was placed on top of 50 g soil material in each jar. In addition, we included jars without soil (gin trash only), and all treatments were replicated Þve times. Soil moisture content was not controlled during the 2 wk of incubation, but bids with Þlter paper were used on all Mason jars to reduce changes in soil moisture, and all jars were kept in a laboratory at ambient conditions (20ЊC and 40 Ð70 RH). Ten unsexed late-instar larvae were introduced into each jar and kept for 2 wk. This experiment was repeated twice (n ϭ 10).
Experiment 3. Larval Response to Soil Moisture. Two types of four-choice experiments were conducted. Plastic boxes without lids (15 cm wide, 15 cm long, and 3 cm tall) were used in a horizontal choice experiment in which 5 g of soil material (0, 10, 20, or 30% moisture content) was placed in each corner. Unsexed late-instar larvae were placed in the center of each box, and their occurrence after 48 h was recorded. The distribution of soil materials in corners of each test arena was randomized, and this experiment was conducted with either one or Þve late-instar larvae. In the horizontal choice experiment, a total of 50 (one larva) and 42 (Þve larvae) replications were conducted, in which trials were set up on 6 Ð 8 different d. In a vertical choice experiment, rings of PVC tubing (4 cm diameter and 3 cm long) were used to hold the four soil materials, which were placed on top of each other in randomized sequences. The four rings of PVC, each containing one of the four soil materials, were placed on top of each other and held together with scotch tape. PVC rings were stacked vertically by holding a piece of stiff paper underneath each PVC ring; the paper was carefully removed after the PVC ring had been placed on top of another ring. This experiment was conducted with either one or Þve late-instar larvae, which were placed on top and larval occurrence was recorded after 48 h. A total of 32 (one larva) and 28 (Þve larvae) replications were conducted, in which trials were set up on 6 Ð 8 different d. With late-instar larvae only being 10 Ð15 mm, both experimental setups were considered to have enough soil material (either corners in the horizontal experiment or PVC rings in the vertical experiment) for late-instar larvae to show behavioral responses without intraspeciÞc competition becoming an issue.
Experiment 4. Larger Black Flour Beetle Affinity to
Moisture Content in Trash Cans. In two separate replications, three 120-liter plastic trash cans (70 cm tall and 50 cm in diameter) were Þlled with 15 kg of gin trash, 12 liters of tap water was poured gently into each trash can, and Ϸ50 larger black ßour beetle adults were transferred to each trash can after 1 wk. The initial moisture content after water application was unknown. Because the main objective was to show afÞliation with certain moisture regimens, no attempt was made to homogenize moisture content within each trash can. Larger black ßour beetle populations were allowed to establish for ϳ1 mo before data collection was initiated. Probe traps were placed in each cardinal direction and three in the center (n ϭ 15), and the three at each position was used to capture larger black ßour beetle individuals at three different depths. That is, duct tape was used to cover two thirds of each probe trap (leaving 15 cm in effective trapping area), so that captures were obtained from the top, middle, and bottom (0 Ð15, 15Ð30, and 30 Ð 45 cm from the gin trash surface in each trash can, respectively) areas at each of the Þve positions. Probe traps were used to capture larger black ßour beetle individuals for 24 h in 3 consecutive d, and captured individuals were returned to the trash cans after each trapping event. We averaged captures of larger black ßour beetle adults and larvae over three consecutive 24-h trapping events to reduce noise in the trapping data. After the third replication (each being the average of three 24-h trapping events), a gin trash sample of 15Ð30 g was collected from each of the 15 positions in each trash can, and the moisture content was determined based on drying at 80ЊC in an oven for 24 h.
Experiment 5. Larger Black Flour Beetle Affinity to Moisture Content and Temperature Conditions in Gin Trash Pile. A naturally infested gin trash pile (16 m wide, 18 m long, and 2.5 m tall) was used to characterize the larger black ßour beetle afÞnity to moisture content and temperature conditions (Fig. 1) . A total of 12 positions on a grid were selected (1.5 m apart in rows and columns), of which 5 were used to collect temperature and humidity data using remote, battery powered data loggers called HOBO readers (Onset, Pocasset, MA), and 7 were used to place probe traps for trapping of larger black ßour beetle individuals. Positions were based on an alternating pattern between the probe traps and data loggers so as to get well distributed readings of temperature and humidity throughout the pile. Probe traps and HOBO data loggers were placed at two depths (1.0Ð0.5 m from the bottom and 1.0Ð1.5 m from the top surface). Trapping data were collected every 48 h at Þve consecutive sampling events, and temperature and humidity were recorded every 3 h.
Data Analysis. In experiment 1, linear regression in Excel (Microsoft, Redmond, WA) was used to compare average trap captures in the three cardinal directions during the 5 wk of simultaneous trapping at both Þeld locations. In experiment 2, proportions of larger black ßour beetle individuals remaining as late instar larvae after 2 wk and/or reaching adulthood were arcsine transformed and PROC MIXED in PC-SAS (PROC MIXED; SAS Institute 2003) was used to conduct a simple Tukey analysis. The same analysis was used to compare proportion of pupae, adults, and larger black ßour beetle individuals that were alive in each treatment at the experiment completion. In experiment 3, we used a 2 analysis in Excel (Microsoft) to compare observed late instar larvae within the four soil moisture treatments. In experiments 4 and 5, a response surface regression procedure, PROC RSREG, in PC-SAS (PROC RSERG; SAS Institute 2003) was used to analyze the relationship among explanatory variables and larger black ßour beetle probe trap captures. In experiment 4, moisture content (%), depth (1, top; 2, middle; 3, bottom), and dichotomous variables for each of the Þve positions (center, north, east, south, and west) were used as explanatory variables for average counts (average of three consecutive 24-h counts) of larvae and adults. In experiment 5, x-and y-coordinates of positions with temperature/humidity data loggers, depth of sampling, and sampling day (1Ð10) were used as explanatory variables of humidity and temperature. CoefÞcients from the regression analysis in experiment 5 were used to predict temperature/humidity conditions at trapping positions. In a second regression analysis, we used estimates for temperature/humidity conditions, depth, day of sampling, and x-and y-coordinates of trapping positions as explanatory variables and adult larger black ßour beetle probe trap captures were used as response variables. In addition, two reduced regression analyses were generated with y-coordinate, depth and either temperature or humidity as explanatory variables of adult larger black ßour beetle probe trap captures. The latter analyses were used to generate response surfaces.
Results

Experiment 1. Seasonal Monitoring of Larger Black Flour Beetle Within Experimental Gin Trash Piles.
Weekly monitoring of larger black ßour beetle in naturally infested gin trash piles suggested that there was we collected temperature and humidity data at the two depths, and at seven additional positions (black dots), we sampled beetles in 48-h intervals. The white polygon in the northwestern corner denotes and area in which high numbers of larger black ßour beetle larvae were observed. no clear variation in captures associated with cardinal directions (Fig. 2) . This is important because it suggests the performance of probe traps was not affected by cardinal direction. There were 5 wk with simultaneous monitoring at both Þeld locations and, although both locations showed a decline in captured larger black ßour beetle individuals followed by a steep increase (weeks 9 Ð11 after 11 April), there was no signiÞcant correlation between captures in the three cardinal direction at the two Þeld locations (r 2 ϭ 0.18; df ϭ 1,14; F ϭ 4.05; P ϭ 0.06).
Experiment 2. Performance of Larvae and Adults on Soils with Different Moisture Content. There was a signiÞcant difference in proportion of larvae among treatments (F 4,45 ϭ 6.33, P Ͻ 0.01), but this signiÞcant difference was mainly because of a lower number of larvae on gin trash only compared with jars containing soil with 0 Ð30% moisture content (Fig. 3) . The same analysis showed that there was no signiÞcant difference in number of larger black ßour beetle individuals in pupal stage among the Þve treatments (P Ͼ 0.05). In dry soil, Ϸ60% of larger black ßour beetle individuals were in adult stage, whereas in soil with 30% soil moisture, only 11% were in adult stage. The difference in proportion of adult larger black ßour beetle individuals was statistically signiÞcant (F 4,45 ϭ 5.97, P Ͻ 0.01), and as seen for the larvae, the number in gin trash only was signiÞcantly different (higher) than from the other treatments, whereas there was no signiÞcant difference between 0% and 30% soil moisture. Thus, it was apparent that a positive relationship existed between soil moisture content and time to complete late larval development. Ϸ20% were still larvae after 2 wk when kept in dry soil, whereas 67% were still larvae after 2 wk when kept in soil with 30% moisture content. Regarding overall survival during the course of the experiment, we found no overall signiÞcant difference among treatments (F 4,45 ϭ 2.49, P ϭ 0.06), but using Tukey contrasts, we found signiÞcantly higher mortality with 0% soil moisture than at 10 Ð30% soil moisture (Fig. 4) . Experiment 3. Larval Response to Soil Moisture. When individual or groups of Þve late-instar larger black ßour beetle larvae were tested in a four-choice experiment with each corner containing soils with different moisture content, we found a highly significant preference for low soil moisture (Fig. 5) . It was seen that, at both larger black ßour beetle densities, 40 Ð 45% of larger black ßour beetle individuals were found in soil with 0% moisture content. In vertical four-choice experiments with randomized sequences of soil moisture contents, we found an even more signiÞcant relationship between larger black ßour beetle larvae density and low soil moisture (Fig. 6) . It is important to emphasize that each PVC ring with soil was 3 cm tall, which means that larger black ßour beetle larvae had to burrow Ͼ9 cm into the soil to reach the lowest PVC ring. In Þve trials with a single larger black ßour beetle, 0% soil moisture was the lowest ring and in four of these the larva was found in that PVC ring. Similarly, in four trials with Þve larger black ßour beetle larvae, 0% soil moisture was the lowest ring and the average larval density in that PVC ring was 2.0 for those trials.
Experiment 4. Analysis of Larger Black Flour Beetle Affinity to Moisture Content in Trash Cans. Based on 18 individual trials (6 trash cans and 3 consecutive
24-h captures), a total of 2,100 larger black ßour beetle adults and 850 larvae were captured. On average, 8.8 adults were captured per trap per trial, and the average capture of larvae was 3.8. In comparison with the 15 captures from each trash can, the three highest average captures of larger black ßour beetle adults were obtained from the top part at the central and north position and from the central position in the middle part (Table 1) . Regarding larger black ßour beetle larvae, highest average captures were obtained from the central positions in the bottom and middle portions and from the south position in the top portion. Combining all captures in which at least one adult or one larvae was captured, there was a highly signiÞcant positive relationship between numbers of larvae and adults (r 2 ϭ 0.14; df ϭ 1,221; F ϭ 36.3; P Ͻ 0.01). Regarding moisture content, the three highest averages were all found in bottom samples. Response regression was used to examine to what extent depth of sampling, cardinal direction, and moisture content could explain captures of larger black ßour beetle larvae (r 2 ϭ 0.14; df ϭ 4,88; F ϭ 4.43; P ϭ 0.01) and adults (r 2 ϭ 0.14; df ϭ 4,88; F ϭ 6.16; P Ͻ 0.01), and for both development stages, moisture content and central position were the strongest predictive variables (Fig. 7) . test was used to compare observed number of larvae with an expected random distribution (horizontal line). We tested two larger black ßour beetle densities: one larva (a) and Þve larvae (b). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. . Vertical 4-choice experiment with soil moisture as treatment (SM0, soil moisture 0%; SM10, soil moisture 10%; SM20, soil moisture 20%; SM30, soil moisture 30%. A 2 test was used to compare observed number of larvae with an expected random distribution (horizontal line). We tested two larger black ßour beetle densities: one larva (a) and Þve larvae (b). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
(min ϭ 10%, max ϭ 99%) varied considerably within the gin trash pile. In the Þrst part of this analysis, we used day, depth, and x-and y-coordinates as explanatory variables for average temperature (r 2 ϭ 0.80; df ϭ 7,81; F ϭ 45.04; P Ͻ 0.01) and humidity (r 2 ϭ 0.52; df ϭ 7,81; F ϭ 12.43; P Ͻ 0.01) readings at the Þve positions, and highly signiÞcant regression models were generated for both response variables. Consequently, it was possible to estimate temperature and humidity conditions at all 14 trapping locations (7 positions and 2 depths), and use these estimates as explanatory variables. The full response surface regression model of adult larger black ßour beetle captures as response variable provided a highly significant model Þt, and a stepwise approach was used to exclude the variable with the smallest contribution to the model Þt. Approximately 49% of the variance in probe trap captures could be explained by three variables: y-coordinate, depth, and temperature (r 2 ϭ 0.49; df ϭ 7,64; F ϭ 8.37; P Ͻ 0.01), and response surfaces were generated for each of the two depths of trapping (Fig. 8a,b) . Based on a signiÞcant regression model with y-coordinate, depth, and humidity as explanatory variables (r 2 ϭ 0.37; df ϭ 7,64; F ϭ 5.43; P Ͻ 0.01), we generated response surfaces at the two depths of sampling (Fig. 8c,d ). The response surfaces suggested that (1) highest captures were obtained at depth 1.0 Ð1.5 (Ϸ1 m from the pile surface) compared with level 2 (0.5Ð1.0 m from the soil surface), (2) adult larger black ßour beetle individuals showed a strong preference for higher temperatures, even when exceeding 45ЊC, and (3) at both depths, there was a strongly negative correlation between adult density and humidity. Originally, it was our intention also to develop a regression model for captures of larger black ßour beetle larvae, but insufÞcient numbers of larvae impeded this effort. However, post hoc observations in the gin trash pile showed that considerable numbers of larvae were found in an area in the northwestern part of the pile (Fig. 1, white polygon) .
Discussion
Athough there are several detailed studies on the basic biology of larger black ßour beetle on stored products (Krall 1942 ), we are not aware of any studies on the larger black ßour beetle in which its habitat requirement has been investigated experimentally outside postharvest environments. An important aspect of integrated pest management (IPM) is to obtain in-depth knowledge about the spatial distribution of pests and about ecological factors that seem to determine observed distribution patterns. In naturally infested gin trash piles, we found that there was no signiÞcant correlation between captures in the three cardinal directions at the two Þeld locations. This was corroborated in our trash can study (Fig. 7) , in which the only signiÞcant difference observed was between the center and perimeter, where larger black ßour beetle larvae showed a negative response to moisture content in the perimeter positions but a positive response to moisture in the central position. This experiment also showed that captures of larger black ßour beetle adults had a consistently negative afÞnity to moisture in both positions. Based on laboratory experiments, we showed that there was a positive relationship between soil moisture content and time in larval stage (fewer larvae reached adult stage at higher soil moisture content), which suggests that maintaining high moisture content in gin trash piles may be advantageous for larger black ßour beetle control. However, the same experiment suggested an increase in adult mortality at lower moisture content. Our choice experiments with larger black ßour beetle larvae showed a strong preference for soils with low moisture content, and the documentation of larger black ßour beetle larvae being present in the lower PVC ring (9 Ð12 cm below soil surface) after 48 h highlights that these larvae seem to accept the soil environment, and this may be important for future Top, middle, and bottom refer to depth from the gin trash surface in each trash can. Captures of adults and larvae were obtained at 15 positions in each trash can: three depths and the following: C, center; N, north; S, south; E, east; W, west. research into integrated control strategies. Some of the Þrst Þeld records of larger black ßour beetle were obtained from the base and roots of decaying yucca palms in desert localities in California (Krall 1942) , so it is not surprising that larger black ßour beetlesseem to prefer hot and dry habitats, and it corroborates the hypothesis that the soil may play an important role in the larger black ßour beetle ecology. However, our analysis suggested that there may be a considerable difference in host preference of larvae and adults. A possible difference in response to moisture content between larger black ßour beetle larvae and adults is supported further by the observation that only very few larvae were captured at the seven positions and two depths in experiment 5 but that may also be linked to a seasonal effect as the trapping was conducted in the late fall.
Based on the results presented here, it seems reasonable to speculate that maintaining high moisture content in gin trash piles may impede population growth of larger black ßour beetle and therefore constitute a possible control tactic. In this context, it is important to mention that gin trash varies considerably in density (with or without whole or cracked burs) and amounts of dust and Þbers, and the water holding capacity of gin trash is obviously closely linked to such physical characteristics. As a follow-up to the results presented here, we intend to conduct Þeld trials in which larger black ßour beetle infestations will be monitored in gin trash piles composed of gin trash with different water holding capacities, and water as a stand-alone treatment or in conjunction with environmentally riendly insecticide applications will be examined. 
